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REMOTELY SENSED AND LABORATORY SPECTRAL SIGNATURES 

OF AN OCEAN-DUMPED A C I D  WASTE 

Beverley W. L e w i s  and Vernon G. C o l l i n s  
Langley Research Center  

SUMMARY 

An ocean-dumped a c i d  waste plume w a s  s tud ied  by us ing  a r a p i d  scanning 
spectrometer  t o  remotely measure ocean rad iance  from a h e l i c o p t e r .  The r e s u l t s  
o f  t h e s e  s t u d i e s  are presented  and compared wi th  r e s u l t s  from sea - t ru th  samples 
and l abora to ry  experiments .  An ocean s p e c t r a l  reflectance s i g n a t u r e  and a 
l a b o r a t o r y  s p e c t r a l  t ransmiss ion  s i g n a t u r e  were e s t ab l i shed  f o r  t h e  i ron-acid 
waste p o l l u t a n t .  The s p e c t r a l l y  and chemical ly  s i g n i f i c a n t  component of t h e  
acid waste p o l l u t a n t  w a s  determined t o  be ferr ic  i r o n .  

The remotely sensed ocean s p e c t r a l  r e f l e c t a n c e  o f  t he  plume and t h e  labo
r a t o r y  s p e c t r a l  t r a n s m i s s i v i t y  as a func t ion  of  i r o n  concen t r a t ion  are used t o  
estimate t h e  concen t r a t ion  o f  t he  acid waste i n  t h e  plume by means o f  a s imple 
mathematical model. The method compares t h e  shape ( c o l o r )  of  t h e  s p e c t r a l  
r e f l e c t a n c e  cu rves ,  c a l c u l a t e d  f o r  v a r i o u s  i r o n  concen t r a t ions  from l a b o r a t o r y  
t r a n s m i s s i v i t y  data, w i t h  t he  remotely measured s p e c t r a l  rad iance  curves  of  
t h e  plume. The c a l c u l a t e d  curve which most n e a r l y  matches t h e  shape ( c o l o r )  
of t h e  plume curve g i v e s  t h e  estimated concen t r a t ion  o f  i r o n  i n  t h e  plume a t  
the  po in t  of measurement. I n  t h e  l i m i t e d  number of  s t a t i o n s  where good remote 
s p e c t r a l  data were ob ta ined ,  t h e  agreement w i t h  s e a - t r u t h  i r o n  concen t r a t ion  
was q u i t e  good. These s t u d i e s  i n d i c a t e  t h a t  remotely sensed monitoring of  
acid waste is  f e a s i b l e .  

INTRODUCTION 

Ocean dumping of acid wastes and sewage s ludges  has been p r a c t i c e d  under 
permit  f o r  s e v e r a l  yea r s  w i t h  on ly  a minimum of  informat ion  as t o  t h e  ecologi 
cal or environmental  impact ( refs .  1 and 2 ) .  Growing concern by t h e  Environ
mental  P ro tec t ion  Agency and the  Nat iona l  Oceanographic and Atmospheric 
Adminis t ra t ion over  t h e  consequences of ocean dumping i n  g e n e r a l  has r e s u l t e d  
i n  s t u d i e s  t o  determine what the  impact may be and t o  dev i se  means f o r  monitor
ing such dump areas. Acid waste dump plumes have been seen i n  remotely sensed 
imagery from both sa te l l i t e  and aircraft  (refs. 3 and 4 ) .  L i t t l e  has  been done 
t o  d e f i n e  t h e  s p e c t r a l  s i g n a t u r e  of  acid waste i n  ocean water or t o  re la te  c o l o r  
changes upon d i l u t i o n  and d i s p e r s i o n  t o  acid waste concen t r a t ions .  T h i s  i n f o r 
mation is necessary t o  be able t o  i d e n t i f y  and monitor acid waste dumping by 
remote-sensing techniques .  Information on the  chemical i n t e r a c t i o n  o f  the  acid 
waste w i t h  ocean water and its in f luence  on s p e c t r a l  changes is needed t o  be 
able t o  i n t e r p r e t  ocean c o l o r  changes i n  t h e  dump areas. 
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I n  r ecogn i t ion  o f  t h e s e  needs,  Langley Research Center  and t h e  College o f  
Marine S tud ie s  of t h e  Univers i ty  of Delaware j o i n t l y  planned a r e sea rch  program 
t o  o b t a i n  and ana lyze  t h e  information r equ i r ed  t o  d e f i n e  remote-sensing spec
t r a l  s i g n a t u r e s  and techniques  f o r  monitor ing ocean-dumped p o l l u t a n t s .  The 
first p o l l u t a n t  selected f o r  s tudy  w a s  t h e  acid waste from a t i t an ium dioxide  
process ing  p l a n t  a t  Edgemoor, Delaware. Table  I g i v e s  t h e  t y p i c a l  chemical 
composition of t h i s  a c i d  waste. The a c i d  waste, which c o n t a i n s  r e l a t i v e l y  
large q u a n t i t i e s  o f  ferr ic  c h l o r i d e  i n  a 1 t o  2 M hydrochlor ic  a c i d  s o l u t i o n ,  
is r e g u l a r l y  dumped a t  a des igna ted  s i te  about  65 km (35 n .  mi . )  o u t  i n  t h e  
A t l a n t i c  Ocean o f f  Cape Henlopen, Delaware. An experiment was planned and con
duted j o i n t l y  by Langley and t h e  Un ive r s i ty  o f  Delaware ( r e f .  5 )  t o  o b t a i n  
remote-sensing data, l l sea- t ru th , l l  and l a b o r a t o r y  s p e c t r a l  and chemical data f o r  
an a c t u a l  a c i d  waste dump. The dump experiment took p l a c e  on August 28, 1975, 
an almost  p e r f e c t  remote-sensing day (clear,  b r i g h t  s k i e s  and r e l a t i v e l y  calm 
seas). Opera t iona l  de t a i l s  of t h e  experiment are g iven  i n  a r e p o r t  by Hypes 
and Ohlhorst  (ref. 5 ) .  

Although s e v e r a l  remote-sensing ins t ruments  ob ta ined  d a t a  during t h e  t e s t  
( r e f .  5 ) ,  t h i s  r e p o r t  summarizes only those  obta ined  wi th  a r ap id  scanning 
spectrometer  (RSS) from a h e l i c o p t e r  f l y i n g  a t  an a l t i t u d e  of  609.6 m (2000 f t )  
over t h e  sea - t ru th  s t a t i o n s .  Sea- t ru th  water samples were taken from a s u r f a c e  
v e s s e l  s t a t i o n e d  nominally i n  t h e  c e n t e r  of  t h e  plume a t  t h e  same time t h e  
h e l i c o p t e r  with t h e  RSS was f l y i n g  over t h e  s t a t i o n .  

The r e s u l t s  of  chemical a n a l y s i s  of  t he  s e a - t r u t h  water samples and labo
r a t o r y  experiments us ing  the  acid waste and ocean water samples  obtained during 
t h e  t e s t ' a r e  summarized and related t o  t h e  remotely sensed data. 

INSTRUMENTS AND METHODS 

Remote Sensing With the  RSS 

The instrument  used t o  o b t a i n  t h e  remotely 'sensed s p e c t r a l  data (and labo
r a t o r y  data) was the Tektronix r a p i d  scanning spec t rometer  (RSS). T h i s  i n s t r u 
ment was chosen because it had t h e  c a p a b i l i t y  o f  producing a 400-nm s p e c t r a l  
radiance curve every 20 msec, was p o r t a b l e ,  and could be used both i n  t h e  labo
r a t o r y  and i n  the  f i e l d .  F igure  1 is a schematic  r e p r e s e n t a t i o n  of  t h e  RSS. 
I n  g e n e r a l  terms, a spectral  image is  produced by a g r a t i n g  monochromator on 
a target v id icon  and t h i s  image is scanned wi th  an e l e c t r o n  beam every 20 msec, 
producing s i g n a l s  p ropor t iona l  t o  t h e  s p e c t r a l  r a d i a n t  energy rece ived  by t h e  r 

spectrometer .  

During the  remote sens ing  of t h e  ac id  waste plume a t  the  dump s i t e ,  a 
300-mm l e n s  was used on t h e  RSS t o  l i m i t  t h e  f i e l d  of  view of  t h e  ocean water 
and plume. The sens ing  head w i t h  l e n s  attached was shock mounted i n  a frame 
( f i g .  21, enclosed i n  a fiber-glass box, and hung v e r t i c a l l y  beneath a B e l l  
UH-1B h e l i c o p t e r  ( f i g .  3 ) .  To assist i n  r e g i s t e r i n g  the  RSS f i e l d  of  view, a 
70-mm time-sequenced camera was a l s o  mounted beneath t h e  h e l i c o p t e r  ( f i g .  3) 
and photographs were taken a t  15-sec i n t e r v a l s  during each d a t a  pass  over a 
s t a t i o n .  
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The RSS remote-sensing da ta- tak ing  technique used f o r  t h e  acid waste plume 
is i l l u s t r a t e d  i n  f i g u r e  4 .  The RSS, poin ted  v e r t i c a l l y  down a t  t h e  ocean, was 
flown a c r o s s  t h e  acid waste plume a t  an a l t i t u d e  of  609.6 m (2000 f t )  a t  t h e  
same t i m e  t h e  crew of t h e  sea - t ru th  v e s s e l  (RV Annandale) was t ak ing  water 
samples and making i n  s i t u  measurements (ref. 5 ) .  Three passes  over each 
s t a t i o n  were made so t h a t  t h r e e  d i f f e r e n t  wavelength ranges covering a t o t a l  
range of  300 t o  1100 nm could be obta ined .  The t h r e e  ranges were 300 t o  700, 
500 t o  900, and 700 t o  11.00 nm. The range swi tch  on t h e  RSS sens ing  head w a s  
changed between passes .  . 

\ The e l e c t r o n i c s ,  o s c i l l o s c o p e ,  and tape-recording equipment were i n s i d e  
t h e  h e l i c o p t e r  and t h e  d a t a  obtained by t h e  sens ing  head were monitored on t h e  
osc i l l o scope  and recorded on t ape  f o r  computer process ing  a t  Langley. 

Figure 5 is one o f  t h e  photographs taken dur ing  a d a t a  pas s ,  showing t h e  
sea - t ru th  v e s s e l  on s t a t i o n  i n  t h e  qc id  plume. A t  an a l t i t u d e  of  609.6 m 
(2000 f t ) ,  t h e  in s t an taneous  RSS f i e l d  o f  view was 14.02 m by 0.46 m. Allowing 
f o r  t h e  motion o f  t h e  h e l i c o p t e r ,  t h e  20-msec f i e l d  of  view was 14.02 m by 
0.91 m with t h e  long a x i s  a c r o s s  t h e  f l i g h t  pa th .  (See f ig .  4.) * 

Data were acqui red  over t i m e  i n t e r v a l s  o f  1 min o r  more as t h e  RSS f i e l d  
of  view progressed from water o u t s i d e  t h e  plume, a c r o s s  t h e  plume, and t o  water 
ou t s ide  t h e  plume on t h e  o t h e r  s ide .  The passes  were made as c l o s e  as p o s s i b l e  
t o  t h e  sample s t a t i o n  as ind ica t ed  by t h e  p o s i t i o n  of  t h e  s h i p  i l l u s t r a t e d  i n  
f igure  4 .  

Chemical Analysis  o f  t h e  Sea-Truth Samples 

Having p r i o r  knowledge o f  t h e  t y p i c a l  composition o f  t h e  acid waste so lu
t i o n  ( t a b l e  I ) ,  t h e  components most l i k e l y  t o  have an in f luence  on s p e c t r a l  
s i g n a t u r e s  were s e l e c t e d  beforehand f o r  a n a l y s i s ,  and t h e  c o l l e c t i o n  of  s u f f i 
c i e n t  volumes o f  samples w a s  planned i n  t h e  t e s t  program. Water samples were 
taken a t  depths  o f  0 ,  4, and 8 m wi th  5 - l i t e r  Niskin b o t t l e s .  These samples 
were then d iv ided  i n t o  f i v e  I - l i t e r  samples f o r  each depth a t  each sampling 
s t a t i o n .  A t  some s t a t i o n s ,  a s u r f a c e  sample was taken by p l a s t i c  bucket .  
This  w a s  a more a c c u r a t e  s u r f a c e  sample than  t h e  0-m b o t t l e  sample which w a s  
a c t u a l l y  drawn from a depth of  about  0.46 m.  A p o r t a b l e  pH meter w a s  used t o  
measure t h e  pH of  each sample as soon as p o s s i b l e  after t h e  samples were 
brought onboard. Samples (500 m l )  for ch lo rophy l l  a n a l y s i s  were r e f r i g e r a t e d  
aboard s h i p  and were f i l t e red  as soon as t h e  s h i p  g o t  back t o  shore  i n  t h e  

7 	 Univers i ty  o f  Delaware l a b o r a t o r i e s  a t  L e w e s ,  Delaware. The f i l t e rs  conta in
ing  t h e  phytoplankton ( ch lo rophy l l )  were placed i n  opaque c o n t a i n e r s  and 
r e f r i g e r a t e d  u n t i l  analyzed.  A l l  o t h e r  samples were r e f r i g e r a t e d  and t r a n s -

* ported i n  ice c h e s t s  t o  t h e  l a b o r a t o r i e s ,  where they  were s t o r e d  i n  refriger
a t o r s  u n t i l  analyzed.  A schedule  o f  t h e  samples taken  is g iven  i n  r e f e r e n c e  5. 

The water samples were f i l t e r e d  through 0.45-l.lm f i l t e r s  and were sepa
r a t e l y  analyzed f o r  t h e  fo l lowing  metall ic c o n s t i t u e n t s  i n  t h e  f i l t r a t e  ( s o h 
t i o n )  and t h e  r e s i d u e  ( s o l i d s )  : i r o n ,  manganese, chromium, vanadium, t i t an ium,  
aluminum, and z inc .  S u l f a t e  i o n ,  s a l i n i t y ,  t o t a l  suspended ino rgan ic s  (non
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v o l a t i l e ) ,  and t o t a l  suspended organics  ( v o l a t i l e )  were a l s o  determined f o r  
t h e s e  samples. 

The ana lyses  f o r  metals were conducted us ing  atomic absorp t ion  methods; 
s u l f a t e ,  by a t u r b i d i m e t r i c  method; s a l i n i t y ,  by s i l v e r  n i t r a t e  t i t r a t i o n ;  
suspended s o l i d s ,  by s tandard  hea t ing  and weighing methods; and ch lorophyl l  2, 
by the  S t r i ck land  and Parsons method. (See ref. 6 ,  pp. 185-192.) A sample of  
ocean water from o u t s i d e  t h e  dump area and a sample of  t h e  acid waste from t h e  
barge were a l s o  obta ined  and analyzed by the  same methods used f o r  t h e  plume 
water samples. 

Laboratory Experiments 

S tud ie s  were performed i n  t h e  l abora to ry  t o  determine what occurs  chemi
c a l l y  and s p e c t r a l l y  as t h e . a c i d  waste is d i l u t e d  w i t h  ocean water c o l l e c t e d  
from t h e  g e n e r a l  v i c i n i t y  o f  t h e  dump area. S i x  success ive  t e n f o l d  d i l u t i o n s  
were performed, and the pH was measured a f t e r  each d i l u t i o n  s t e p .  The same 
series of  d i l u t i o n s  of  acid waste were made wi th  d i s t i l l e d  water and pH mea
surements were made f o r  comparison w i t h  t h e  ocean-water d i l u t i o n s .  The same 
series of  d i l u t i o n  o f  acid waste with ocean water w a s  used t o  ob ta in  t h e  spec
t r a l  t ransmiss ion  curves f o r  t h e  var ious  concen t r a t ions  produced. The s p e c t r a l  
t ransmiss ion  curves were obtained over t h e  wavelength range of 300 t o  1100 nm 
with the  same RSS inst rument  which had been used for t he  on - s i t e  remote-sensing 
measurements. Visual  observa t ions  inc luding  c o l o r  changes and appearance o r  
disappearance of  p r e c i p i t a t e s  i n  t h e  d i l u t i o n  s o l u t i o n s  were noted. Thus, 
changes i n  s p e c t r a l  ( c o l o r )  c h a r a c t e r  with d i l u t i o n  were determined f o r  use  i n  
relating remotely sensed data t o  concent ra t ion  and s p e c t r a l  s i g n a t u r e s .  

I n  o rde r  t o  do t h e s e  l abora to ry  s t u d i e s ,  t h e  RSS w a s  set up on an o p t i c a l  
bench which included a tungsten-f i lament  s tandard  lamp f o r  i l l umina t ion  and a 
sample compartment ad jacen t  t o  t h e  RSS sens ing  u n i t  slit so  t h a t  sample cel ls  
could be pos i t i oned  i n  the l i g h t  beam between t h e  source  and slit f o r  s p e c t r a l  
beam t ransmiss ion  measurements. S p e c t r a l  t ransmiss ion  measurements were made 
f o r  a pa th  length of  5 cm and with and without  a ground glass d i f f u s e r  plate  
behind the  sample ce l l s .  

A s y n t h e t i c  a c i d  waste s o l u t i o n  was made up o f  ferr ic  c h l o r i d e ,  hydro
c h l o r i c  acid,  and sodium s u l f a t e  i n  d i s t i l l e d  water t o  match t h e  concen t r a t ions  
of  i r o n ,  acid,  and s u l f a t e  i n  t h e  acid waste sample. The s p e c t r a l  t ransmiss ion  
curves  of  t h e  s y n t h e t i c  s o l u t i o n  and i t s  success ive  d i l u t i o n s  wi th  ocean water 
were obta ined .  These curves were compared wi th  those  f o r  t h e  a c t u a l  acid i n  
o rde r  t o  see i f  t h e  components chosen were i n  fact  t h e  components of  t h e  acid 
waste which were re spons ib l e  f o r  t h e  shape of  t h e  s p e c t r a l  s i g n a t u r e s  observed. 

DATA ANALYSIS, RESULTS, AND DISCUSSION 

Remote Sensing With t h e  RSS 

The f i e l d  data, recorded on analog t a p e ,  included t h r e e  passes  over t h e  
plume f o r  each s t a t i o n .  Each pass  produced d a t a  f o r  one of  t h e  RSS s p e c t r a l  
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ranges: 300 to 700 nm, 500 to 900 nm, and 700 to 1100 nm. For each range,
data were taken for instrument baseline, clear water (out of plume), plume 
water, and clear water, in that sequence. A range was scanned every 20 msec 
for the duration of the data-taking part of the pass (about 1 min); thus, the 
many scans prodticed an almost continuous record of any spectral radiance 
changes across the plume. 

To reduce the data to usable form, the following procedure was used: 

Oscillograph records of the analog tapes were made for each range at each sta

tion. From these, typical spectral curves for the unpolluted water on either 


t> 
side of the plume were selected for digitizing, and all spectral scans in the 
plume were digitized and.put on digital tape for computer data reduction and 
manipulation. The spectral scans were each divided into 100 4-nm-wide.bands, 
and each was given a relative vertical deflection value which was proportional 
to the spectral radiance for each 4-nm band. Each of the vertical deflection 
values was corrected for the instrument baseline and lens transmission to give
relative radiance values for each 4-nm band. From these relative radiance 
values, curves of spectral change with time (distance) as the field of view 
swept from clear water, into the plume, and out into clear water again were 
constructed by the computer. 

Figures 6 and 7 show a series of a few selected curves of relative radi

ance over a given wavelength range which show the change of radiance with 

position across the acid waste plume. The highest peak radiance in the 400
to 700-nm range occurs in the most concentrated part of the plume, and the 

lowest radiance occurs at the edge or in water outside of the visible plume. 

It can be seen that only small changes in radiance with concentration occurred 

below 400 nm and beyond 700 nm. This indicates that the acid waste has negli

gible concentration-dependent spectral reflectance characteristics at those 

wavelengths. The shapes of these spectral curves between 400 and 700 nm are 

taken to be the spectral signature of this type of acid waste in ocean water. 

A possible method to determine the concentration of the acid waste would use 

the ratio of the radiance at two different wavelengths since this ratio changes

significantly with Concentration. However, this method would depend on the 

availability of suitable calibration techniques. As will be seen, the data 

obtained in this test were not adequate to provide calibration over a large

enough concentration range for this purpose. One factor was that only two sta

tions, 1-0 and I - I A ,  gave good RSS data; the others were affected by sunglint
and could not be used. This meant that only two sea-truth points were appli

cable and there is some question about the registration of the sea-truth data 

with the RSS remote-sensing data. 

7 

Chemical Analysis of the Sea-Truth Samples 


The results of the 31 sea-truth water sample analyses are summarized'in 
table 11. The table gives designation of station, depth and age of plume, and 

analysis results for pH, salinity, suspended solids, iron, manganese, and zinc. 

The other metals analyzed had concentrations below the detection limits of the 

atomic absorption methods used (chromium CO.05 mg/liter, vanadium <8.0 mg/liter,

titanium c10.0 mg/liter, and aluminum c2.0 mg/liter) and thus are not included 
in table 11. Sulfate concentration for all samples (not given in table 11) was 
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cons tan t  a t  2600 mg/liter f 10 percen t ,  a l e v e l  t y p i c a l  o f  ocean water. Sa l in 
i t y  w a s  r e l a t i v e l y  cons t an t  i n  t h e  range from 31.0 t o  32.4 p a r t s  pe r  thousand. 
Values of  pH ranged from 7.7 t o  8.1.' T o t a l  o rgan ic  ( v o l a t i l e )  suspended s o l i d s  
ranged from 0.3 t o  9.5 mg/liter, and t h e  t o t a l  i no rgan ic  ( n o n v o l a t i l e )  sus
pended s o l i d s  ranged from 0.8 t o  5.6 m g / l i t e r ,  w i th  t h e - s u r f a c e  samples gener
a l l y  having t h e  h ighe r  concen t r a t ions  f o r  both.  Chlorophyl l  a con ten t  ranged 
from 0.99 t o  2.2 pg / l i t e r ,  wi th  t h e  average c l o s e  t o  1.5 l.lg/lTter. 

Table  I1 is arranged according t o  t h e  age o f  t h e  acid waste plume when t h e  
sample w a s  t aken  and according t o  i n c r e a s i n g  sampling depth a t  each s t a t i o n .  i 

I 

The plume age f o r  t h e  samples ranged from 1 hr, 37 min t o  4 hr .  The samples 
were taken between 8:50 a.ri. and 1:30 p.m. EDT. The plume-age spread should 
have r e s u l t e d  i n  a range of  p o l l u t a n t  concen t r a t ions  i n  t h e  plume corresponding I. 

t o  d i f f e r e n t  amounts o f  d i l u t i o n  by d i s p e r s i o n ,  bu t  t h e  ana lyses  of  t h e  samples 
d i d  not  show any p a r t i c u l a r  t r end  wi th  plume age. Nei ther  t h e  pH nor  t h e  i r o n  
concen t r a t ion  showed a c o n s i s t e n t  decrease wi th  age o f  t h e  plume f o r  t h e  sam
p l e s  taken.  Other evidence such as aer ia l  photographs and remote-sensing d a t a  
obtained dur ing  t h i s  test  (ref. 5 )  i n d i c a t e s  t h a t  t h e  plume d i d  no t  d i s p e r s e  
quick ly  but  kept  f a i r l y  sha rp ,  though jagged, boundaries  over  t h e  du ra t ion  of  
t h e  dump (5 t o  6 h s ) .  From what has  been observed i n  l a b o r a t o r y  s t u d i e s ,  it 
is be l ieved  t h a t  t h e  major p a r t  of  the  d i l u t i o n  o f  t h e  acid should t ake  p l ace  
wi th in  about  30 min af ter  l eav ing  t h e  barge and then  only  s l o w l y . t h e r e a f t e r .  
The data obta ined  on t h i s  p a r t i c u l a r  day suppor t  t h e s e  obse rva t ions ;  however, 
a more seve re  sea s t a t e  could change t h e  p i c t u r e .  

Table I1 i n d i c a t e s  t h a t  t h e r e  are t r e n d s  w i t h  depth a t  a g iven  s t a t i o n .  
The suspended material ( s o l i d s )  w a s  g e n e r a l l y  h igher  i n  concen t r a t ion  a t  t h e  
s u r f a c e ,  w a s  lower a t  4-m depth and, i n  t h e  t h r e e  cases where t h e r e  were data 
a t  8 m, i nc reased  aga in  a t  t h e  8-m depth.  One of  these cases was f o r  t h e  sta
t i o n  o u t s i d e  t h e  plume, so it  appears  t h a t  t h e  s t ra t i f ied  d i s t r i b u t i o n  was nor
m a l  i n  t h e  area a t  t h a t  time. During t h e  dump and sampling time, t h e  depths  o f  
t h e  thermocl ine changed from about  12 m a t  9:05 a . m .  EDT t o  5 m a t  1:40 p.m. 
EDT, which probably had an in f luence  on the  v e r t i c a l  d i s t r i b u t i o n  of  suspended 
material. S t a t i o n s  1 through 3 were sampled between 8:45 and 11:15 a . m .  EDT, 
and s t a t i o n s  4-1 t o  4-5 were sampled between 12:30 and 1:30 p.m. EDT ( re f .  5 ) .  
It is perhaps s i g n i f i c a n t  t h a t  t h e  out-of-plume s t a t i o n  (1-2) had h igher  con
c e n t r a t i o n s  of  suspended s o l i d s  a t  t h e  8-m depth than  a t  t h e  s u r f a c e ,  t h e  
r eve r se  of  t h e  plume s t a t i o n s .  This  may be due t o  a d i f f e r e n t  p a r t i c l e  s i z e  
d i s t r i b u t i o n .  

I n  p l o t t i n g  t h e  concen t r a t ion  data of  table I1 f o r  t h e  metals and sus
pended s o l i d s  a g a i n s t  plume age, it became ev iden t  t h a t  some ext raneous  f a c t o r  
was in f luenc ing  t h e  data,  s i n c e  there was l i t t l e  c o r r e l a t i o n  wi th  age a t  a g iven  
depth.  Also, one s t a t i o n  ( I - 1 A )  of i n t e rmed ia t e  age appeared t o  be q u i t e  ou t  

c
of  l i n e  compared w i t h  most of t h e  o t h e r  plume s t a t i o n s .  S ince  t h e s e  k inds  of 
r e s u l t s  could be a r e s u l t  of sampling i r r e g u l a r i t i e s ,  t h e  sampling procedures  
were reviewed and t h e  photographs taken from t h e  h e l i c o p t e r  during t h e  sam
p l i n g s  were s t u d i e d .  It was discovered t h a t  a l though the  s h i p  w a s  nominally 
i n  the  middle of  t h e  plume when t ak ing  samples, sometimes it was no t .  For sta
t i o n  I-IA, which had appa ren t ly  anomalous r e s u l t s ,  it was found t h a t  t h e  sam
p l e s  were taken a t  a s t a t i o n  which was i n  or near  a clearer channel of  ocean 
water running t r a n s v e r s e l y  through t h e  plume and i n t o  which only a l i t t l e  o f  
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the plume had dispersed. Another factor found to contribute to the poor corre
lation was the fact that the Niskin bottles were not shaken before the removal 
of the I-liter samples to insure homogeneous distribution of suspended solids 
for each of the five samples withdrawn. Neither was the order of I-liter sam
ples withdrawn for the various analyses the same in each case so that the first 
portions probably had more suspended solids or different types than the last 
ones as a result.of settling. In spite of these shortcomings in the data, 
some definite trends with depth were found which were largely independent of 
these sampling problems. 

3 

1. The iron in the acid waste solution was present initially at a concen
tration of 20 600 mg/liter. The analysis for iron in solution for the plume 

/ samples was found to be in error due to sulfate interference in the atomic 
absorption analysis.

the iron concentration of the samples.wasbelow the normal detection limit of 


Experience with this type of interference indicated that 


the method, and thus, the concentrations given in table I1 are less than 

0.05 mg/liter for all ocean water samples. 


The iron in the suspended material (filtered out and analyzed separately)

did not have sulfate interference and gave good results. The data of table I1 

show a fairly consistent decrease in the concentration of suspended particulate

iron with depth, the surface (bucket) samples having the highest concentra

tions. Where this trend is not shown, it is thought that the sample had been 

taken at a part of the plume where clearer ocean water may have been intruding

into the plume locally, giving a different distribution. In the case of 

station I-IA, this is known to be true. Visual observations and photographs 

from aircraft had revealed obvious variations in plume dispersion character

istics locally all along the plume. Therefore, it is not surprising that the 

same trends or patterns did not show up in all the samples. Further evidence 

that the trend of decreasing concentration with depth is real is given by the 

results of the manganese and zinc in solution, where the same trend prevails

for most of the samples. (See table 11.) 


Another sea-truth measurement which may have some use in interpreting the 

remotely sensed data is Secchi depth, which varied from 2.25 m to 3.5 m and 

averaged 3 m for the stations in the plume. The station out of the plume (1-2) 

had a Secchi depth of 4.25 m. These readings indicate an ocean condition quite 

a bit more turbid than usually expected that far offshore. 


Laboratory Experiments

1 

Experiments were performed in the laboratory to supplement the sea-truth 
, data and to gain an understanding of the chemical interaction of the acid waste 

and ocean water and resultant spectral changes. 

Tenfold dilutions of the acid waste with ocean water were successively 

performed and the pH was measured within a few minutes of each dilution. Fig

ure 8 shows the data in graphical form for two different acid waste samples

(AW-1 and AW-2) diluted with ocean water (SW-I), an acid waste diluted with 

distilled water, and one normal hydrochloric acid solution (IN HC1) diluted 

with distilled water (DW). These curves show that both acid and acid waste, 
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when diluted with distilled water, gave essentially the same linear change in 
pH from the undiluted state to the 1:lO5 dilution, with the curves leveling
off at the pH of distilled water (about pH = 5). In contrast, the curve for 
acid waste diluted with ocean water was not linear, there being a relatively 
large positive change in slope at the 1:102 dilution and a leveling-off stage 
at about the 1 :lo4 dilution at a pH of 8, which is the pH of the ocean water 
alone. This nonlinearity is a result of diluting the acid waste with a 
slightly alkaline buffered solution (ocean water, pH 8) .  

The visual appearance of the dilution solutions is given in table 111. 
The color changes and the appearance of a gelatinous precipitate in the 1 :IO3 f 
dilution solution are characteristic of the acid waste from this particular 
source. It should be noted that the precipitation in the 1:lO3 dilution solu- \ 

tion coincides with the marked increase in slope of the pH curve for  acid waste 
diluted with ocean water. Further, it is observed that when the 1 :IO3 dilution 
solution containing the suspended precipitate is allowed to stand without 
shaking, the precipitate agglomerates and falls to the bottom of the vessel and 
forms an orange-brown coating on the bottom, which can easily be redispersed 
with shaking. When the precipitate is on the bottom, the solution is clear 
and colorless, an indication that the yellow ferric ion has precipitated out. 

The precipitate is some form of ferric hydroxide, Fe(OH)3, the expected 
product when the pH is increased by dilution or by addition of an alkaline 
solution. In this case, precipitation occurred when the pH of the acid 
waste solution exceeded 2.87, that is, when the 1 :IO2 dilution solution 
(pH = 2.75) was further diluted to l:lO3. The pH = 2.87 precipitation point 
was obtained by calculation using the solubility product constant KSP for 
Fe(OH)3 of 1.5 x 10-36 and the known concentration of iron in the acid waste 
(20.6 gm/liter) , which would give its concentration in the 1 :lo2 dilution 
solution. The pH and hydrogen ion concentration [H+] in moledliter were cal
culated using the following equations: 

3 CFe.31
KSp [Fe+3] [OH-] -x 

TH+l 


where 


K , ~= 1.5 x 10-36 
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Spectral transmission curves of the diluted acid waste solutions obtained 

under various conditions are shown in figures 9, 10,and 11. Figures 9 and 11  

are beam transmission measurements, whereas figure 10 is measured with a ground 

glass diffuser behind the sample cells and is termed a diffused transmission. 

The curves of figures 9 and 1 1  were made from laboratory measurements of acid 

waste and synthetic acid waste solutions, respectively, using the RSS instru

ment setup on an optical bench with a sample cell having a 5-cm path length. 

The percent transmission, based on ocean water having 100-percent transmis

sion, at each wavelength is plotted against the wavelength in nanometers at 

20-nm intervals for the range of 400 to 1100 nm. The range where the sig


i nificant color changes occur, however, is 400 to 700 nm. Figure 10 was 

obtained for acid waste solutions using the same 5-cm cells but with a prism 

spectrophotometer. 


It can readily be seen from these curves that dilution produces a color 

change by the shifting of the absorption edge toward lower wavelengths as the 

solutions become more dilute. Color is also changed by the lesser effect of 

absorption as dilution increases. There is, however, one apparently anomalous 

curve, the one for the 1 :103 dilution, which has a more gradual decrease in 
absorption with a shift toward larger wavelengths compared with the preceding 

dilution solutions. This is the dilution where we had previously noted that 

a precipitate had formed and the color intensity had increased rather than 

diminished with the tenfold dilution step. This is also the dilution where pH 

increased much more rapidly than for dilution with distilled water. This spec

tral signature feature is quite repeatable and is related to the chemical char

acteristics of the acid waste/ocean water system as described in the discussion 

of pH changes. It should also be noted that the curves for the .l:IO4 and 
1:lO5 dilutions follow the shape of the 1:lO3 curve as they represent increased 

transmission due to dilution of particulate Fe(OH13. 


Figure 1 1  gives the curves for the synthetic acid waste solution for the 

various dilutions. The almost identical characteristics of this solution to 

the real acid waste solution support the belief that the Fe+3 ion is the 

source of the spectral signature of this type acid waste. This leads to the 

conclusion that iron, which is only one component of a multicomponent waste 

solution, is in fact, a spectral indicator for this type of acid waste. 


Comparison of the curves of figures 9, 10,and 1 1  shows that the character

istic shapes of a given dilution solution curve are very similar for each of 

the various measurements. The relative transmission at any given wavelength 

may vary with the measurement conditions but the shapes remain similar, which 


1 means essentially that the spectral signature is established for this type of 
acid waste in ocean water. 


Field and Laboratory Data Relationships 


By combining the data, a rough method for estimating the acid waste con

centration of ocean dump plumes was derived by Henri Hodara from Tetra Tech, 

Inc. and was obtained from him through personal communication. The method 

relies on a simple mathematical model which treats the pollutant plume as a 

layer through which the solar light passes twice (once down into the water and 
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once back up through the water) before being returned (reflected skyward) from 

the ocean surface. (Refer to appendix for further details of the method.) 

Laboratory measurements with the RSS or a laboratory spectrophotometer provide 
spectral transmissivity values (figs. 9, 10, and 11) for a range of concentra
tions of the pollutant (acid waste) diluted with ocean water from the same 
area. Spectral radiance of the ocean surface (surface reflected and upwelling 
light) is measured by the RSS across the ocean dump plume and includes the 

ocean water radiance outside of the plume (background). Spectral reflectance 

Rut curves are constructed by multiplying the measured, out-of-the-plume spec

tral radiance of the background water R, by the square of the spectral trans- r'missivity -rt for each of several concentrations of pollutant in ocean water; 
that is, Rut = RW(TtI2. 

L 

The shapes of the Rwr spectral curves (normalized to the peak radiance 
of the remote data curve) are then compared with the remotely measured spectral . 
reflectance curves (figs. 6 and 7 )  for the plume water. The Rut curve for 
the concentration that most nearly matches the shape of the remotely sensed 
curve gives an adequate estimate of the pollutant concentration. Figure 12 
illustrates this method for two different curves of data presented in figure 6. 
It shows that the Rut dilution curve which most nearly reproduces the shape 
(color characteristics) of the remotely measured curve (solid line) used for 
this figure was the 1:104 dilution curve in both cases, which represents an 
iron concentration of 2.06 mg/liter. The sea-truth concentration of particu
late iron for this station (1-0) at the 0.46-m depth was 0.72 mg/liter 
(table 11). Surface samples for similar age plume stations (2-2and 2-3) 
averaged 2.14 mg/liter. This agreement is excellent considering the assump
tions and simplifications of the model used for this comparison. 

Better curve matches and more accurate concentration estimates may be 
obtained by providing a number of transmission curves for solutions of inter
mediate concentrations between 1:IO3 and 1 :105 dilutions. It may be fortuitous 
that the transmission curves obtained in the laboratory using a path length of 
5 cm appear to approximate the effective depth-integrated attenuation effect 
measured by the RSS. However, considering other evidence, such as the particu
late iron distribution of the plume surface water sample (highest at water 
surface) and the good agreement with particulate iron concentration of the sea-
truth plume surface water samples, the model appears to be a reasonable approxi
mation for this acid waste/ocean water system. 

CONCLUDING REMARKS 


It is concluded from this study that acid waste is a pollutant which can 
be monitored by remote-sensing techniques. Acid waste of the type studied -
mostly ferric iron (Fe+3) dissolved in hydrochloric acid - has a recognizable 
ocean spectral reflectance signature which can be related to concentration 
through laboratory spectral transmission measurements of acid waste diluted to 
various concentrations with ocean water. This conclusion resulted from studies 
of the chemistry of the acid waste/ocean water system and the effects of their 
interactions on the spectral characteristics of the solutions and was supported 
by sea-truth data. These studies showed that iron, initially in solution as 
ferric chloride, was precipitated as Fe(OH13, a red-brown flocculent solid 
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having relatively large particle size. This precipitate remained close to 
the surface for a relatively long time. The highly radiant plume was visible 
quite readily down to particulate iron concentrations of 0.2 mg/liter, making 
it detectable over a wide concentration range. Even though the methods of 
quantification have not been fully developed because of the provisional nature 
of some of the sea-truth data and the relative rather than absolute radiance 
values obtained with the RSS, no serious problems are anticipated. For exam
ple, laboratory data for many intermediate concentrations may be readily
obtained if needed. 

The full spectral curves produced by the RSS and given in this report 
are applicable for identification purposes by other types of remote spectral 
sensors using bands in the 300- to 1100-nm range. 

Langley Research Center 

National Aeronautics and Space Administration 

Hampton, VA 23665 

May 18, 1977 
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APPENDIX 


REMOTE-SENSING EQUATION AND APPLICATION 


This appendix outlines the assumptions and simplifications made to develop 

the model used to calculate plume-reflected radiance from laboratory transmis

sion data. 


The basic spectral remote-sensing equation accounts for sky radiation 
incident upon the ocean surface being reflected off the surface and for 
radiation being transmitted into the water, refracted, and reflected or back-
scattered up to and through the surface. Thus, there are three components of 
spectral radiance to be specified in order to determine what a remote sensor 
measures: ( 1 )  radiation scattered into the path by the atmosphere, (2) radia
tion reflected from the water surface, and ( 3 )  radiation upwelling from the 
water surface. The equation derived for the radiance Nea arriving at a 
remote sensor looking at the surface at an angle 8, from the zenith down at 
the ocean surface, with a sun angle of 300 or greater from the zenith (which 
avoids sunglint) and an optically infinite ocean depth (no bottom reflection), 
is given as 

where all are spectral terms and where the first term in the brackets is 
Na(ea), the radiance reflected off the water surface in air, and the second 
term is Nw(ea), the upwelling radiance from the surface in air. This last 
term contains the water-pollutant spectral signature information. In equa* 
tion ( 1 )  Nea is the path radiance between water surface and sensor, Tea is 

the atmospheric transmittance, p is the reflectivity of the surface in air, 
NSk(ea) is the sky radiance incident on the surface of the water, NU(8,) is 
the upwelling radiance in the water just below the surface, Tu(f3w) is the 
transmissivity of the water for upwelling radiation, and n is the refractive 
index of the water. 

For application to a remote-sensing measurement where the sensor is look- * 
ing 
or less (Nea=o is negligible and 

at the nadir surface scene (ea = 0) from an altitude of 609.6 m (2000ft) 
Tea=o is approximately l ) ,  the equation can .be reduced to 
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Further simplification is made by assuming that Na(0) is negligible com

pared with Nw(0) for the wavelength region of interest (i.e., visible below 

600 nm), resulting in 


=uNu
Na = Nw = - ( 3 )

n2 

1 In water, the reflection coefficient R is the ratio of upwelling radiance to 
downwelling radiance Nu/Nd; thus, 


and Nd in water is related to Nsk, the downward sky radiance by 


where 'Cd is the downward transmissivity through the water surface. 


Substituting equations (4) and (5 )  into equation ( 3 )  gives 

which is an equation for upwelling radiance from the ocean surface in the 

absence of a pollutant. 


When a pollutant solution having a spectral transmissivity of is 

dumped, Td and TU in equation (6) are mydified to T'Td and T'T~ and the 

radiance from the surface with pollutant Na is given by 


.4 

The ratio of radiance from the polluted and unpolluted ocean surface is simply 
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which allows calculation of the radiance expected from dump plumes of given

concentrations if the transmissivity of the pollutant solution in ocean water 

for that concentration has been measured in the laboratory. 


As used in the text, equation (8)was written as 

where R, is the measured relative reflected radiance of the out-of-plume 

ocean surface, R,I is the calculated plume relative radiance, and T I  is 

the laboratory measurement of transmissivity for a solution of pollutant in 

ocean water. 


The model includes assumptions which require the pollutant to be essen
tially at the surface of an infinitely deep ocean, and in the present applica
tion, the effective "surface" thickness is of the order of 5 cm, the path 
length for which the transmissivity of the pollutant solutions T I  was mea
sured in the laboratory. 

t 
, 
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TABLE I.- TYPICAL ANALYSIS OF ACID WASTES FROM 


TLTANIUM DIOXIDE PROCESSING PLANT 


[pH, 0.66; specific conductivity, 0.36 siemens/cm 

at 200 C; specific gravity, 1.18997) 


Waste constituents 


Total suspended solids 

Total dissolved solids 

Total solids 

Oil and grease

c1 

NO 

P ?total) 

F 

CN 

Sulfide 

so4

As 

NH3
Kjeldahl nitrogen 

Organic nitrogen 

Phenols 

BOD^ 

CODb 

TOCC 

Ag
A1 

B 

Ba 

Be 

Ca 

Cd 

co 

Cr 

cu 

Fe 

He 

K 

Me 

Mn 
Mo 

Na 

Ni 

Pb 

Sb 

Se 

Sn 

Ti 

V 

Zn 


aBOD, biochemical oxygen demand. 
bCOD, chemical oxygen demand. 
cTOC, total organic carbon. 

Concentration, 

mg/kg 


182 

228 949 

229 131 


49.0 

14 210 

13.2 

0.56 
<1 .o 
2.0 


<0.05 

58 819 
<O .003 

6.1 

8.9 

2.9 

0.04 

146 

6393 

424 


<0.2 

731 

4.2 

<0.5 

<0.2 

26.9 

0.4 

8.6 

63.9 

5.71 


38 962 

0.0062 

16.8 

180 

1109 

2.5 

101 

8.6 

10.1 


8 

0.292 


34 

1580 

153 

35.3 
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TABLE 11.- CHEMICAL ANALYSIS OF SEA-TRUTH WATER SAMPLES 

Suspended s o l i d s  

Age of PH Total  To ta lplume, 
h r  :min m 

( v o l a t i l e ) ,  ( n o n v o l a t i l e ) ,  
mg/liter mg/liter 

1 :37 7.6 8.0 2.7 ~ 2.1 
6.9 8.0 1.2 1.6 
7.6 8.1 

1 :46 7.5 8.0 3.9 3.2 
7.6 8.1 .5 -9 
7.7 8.1 

1 :46 7.4 7.8 9.5 5.6 

1:46 d6.7 8.0 3.3 2.3 

S t a t i o n  Depth, 
on 

PH 
s i t e )  ( l a b )  organic  ino rgan ic  

I ron  

I n  I n  

so lu t ion  , suspendec 
s o l i d s ,&liter &liter 

( b )  

<0.05 0.93 
<.05 .55 
<.05 .51 

<.05 .72 
c.05 .22 
<.05 .14 

c.05 1.96 


<.05 .78 

Manganese Zinc 

I n  I nso lu t ion ,  suspended io lu t ion ,In 
s o l i d s ,

n g / l i t e r  mg/literng/ liter 

0.06 ~0.05 
 ' 
.05 < .05 .04 
.05 <.05 .04 

.05 <.05 .05 
<.05 <.05 .06 
<.05 <.OS .05 

.08 C.05 .05 

.05 <.05 .05 

.05 <.05 .04 

.05 <.05 .04 

.09 <.05 .06 

.05 <.05 .04 
<.05 <.05 .04 
<.05 <.05 .05 

.05 C.05 .05 
C.05 C.05 .05 
C.05 <.05 .04 

7.5 8.0 2.7 2.0 4.7 32.0 C.05 1.06 
7.5 8.0 3.3 2.3 5.6 32.2 <.05 .88 

1:50 9.1 5.2 14.3 32.1 <.05 2.32 

2:23 1-1A 0 7.6 8.1 .3 1.1 1.4 32.1 C.05 .21 
4 7.6 8.1 .8 1.2 2.0 32.2 C.05 .30 
8 7.6 8.1 32.3 <.05 .40 

2:52 1-1B 0 7.6 8.0 1.5 1.6 3.1 32.2 <.05 .62 
4 7.5 8.0 2.1 1.9 4.0 32.4 C.05 .67 
8 7.6 8.1 32.1 c.05 .42

aValues.may vary by f10 percent .  
bValues may vary by f0.02 mg/liter. 
%urface sample taken wi th  bucket. 
dQuest ionable  value. 
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TABLE 11.- Concluded 


Suspended solids Iron Manganese Zinc 


Age of Depth, pH Salinity, In In In In In 

hr:min m (on site) o/oo solution, suspended solution, suspended solution,solids, solids,

mg/liter mg/liter mg/liter mg/liter mglliter mg/liter mg/liter 

3:07 4-1 cO '7.4,7.5 8.0 ' 3.8 3.7 7.5 31.8 C0.05 1.03 0.06 <0.05 0.05 

3~10 4-2 	 0 .7.6 8.0 1.3 1.9 3.2 31.7 <.05 .77 .05 <.05 .09 
4 d6.6 8.0 1 .o 1.1 2.1 31.8 C . 0 5  .64 .05 <.05 .03 
8 d6.8 8.1 31.O <.05 .32 .05 <.05 .05 

3:32 4-3 cO 6.8 8.0 4.2 3.7 7.9 31.9 <.05 1.08 .06 <.05 .06 

3:34 4-4 0 7.4 8.0 4.0 3.4. 7.4 31.6 C.05 1.08 .06 <.05 .05 
4 7.6 8.0 1.3 1.1 2.4 32.1 <.05 .32 <.05 <.Os .04 
8 7.6 8.0 31.8 <.05 .21 <.05 C.05 .04 

4:OO 4-5 	 0 7.6 8.0 3.2 2.0 5.2 31.6 C.05 .70 .06 c.05 .05 
4 7.6 8.0 1.9 1.9 3.8 31.6 < .05 .62 .05 < .05 .04 
8 8.0 2.2 2.6 4.8 31.9 <.05 .51 <.05 <.05 .04 

out of 1-2 0 7.7 8.1 1.6 2.1 3.7 32.2 <.OS <.OS '< .05 < .05 .04 
plume 4 

8 
7.7 
7.7 

8.1 
8.1 

. 3  
4.4 

.8 
3.7 

1.1 
8.1 

32.2 
32.2 

c.05 
C.05 

c.05 
<.OS 

C.05 
<.05 

<.05 
<.05 

. .04 
.04 

Acid waste barge .6 20 600 780 50 
sample, undiluted 

aValues may vary by f10 percent. 

bValues may vary by f0.02 mg/liter.

%urface sample taken with bucket. 

dQuestionable value. 
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TABLE 111.- VISUAL CHANGES IN ACID WASTE SOLUTIONS ON DILUTXON 


WITH OCEAN WATER 


Acid waste/ocean water 
solution Color Turbidity 

Undiluted acid waste Greenish yellow Very slight 
1:lO Light yellow Clear 
1 :102 
1 :103 
I :104 

Very light yellow 
Tannish yellow 
Colorless 

Clear 
Slighta 
Clear 

1 :105 Colorless Clear 

aYellow-brown gelatinous precipitate present. 


19 




-------- --- THE SPECTROMETER UNIT OSCILLOSCOPE 
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SPECTRAL 
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VIDICONG 
r,-t-; t------- cc 1 


PREAMP - SIGNAL I
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h I I 

I 


HO:;P,",'TAL 

ELECTRONIC UNITS 

Figure  1 . - Schematic of r a p i d  scanning spec t rometer .  
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N 
N 

L-75-63. I 

Figure  3.- Photograph of RSS and 70-mm camera mounted under h e l i c o p t e r .  




I 


Helicopter  with RSS 

Ocean 

F i g u r e  4.- T y p i c a l  f l i g h t  p a t h  o f  h e l i c o p t e r  a c r o s s  plume, 
i l l u s t r a t i n g  remote-sensing method used .  
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L-77-206 
F i g u r e  5.- Photograph of RV Annandale i n  plume t a k e n  from 

h e l i c o p t e r  a t  a l t i t u d e  of  609.6 m (2000 f t ) .  
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F igure  6.- S p e c t r a l  r ad iance  changes a c r o s s  plume a t  s t a t i o n  1-0. 
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Figure 6 .- Continued. 
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F i g u r e  6 .  - Concluded . 
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( a )  300- t o  700-nm range .  

F igu re  7.- S p e c t r a l  r ad iance  changes a c r o s s  plume a t  s t a t i o n  1-1A.  
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F igure  7.- Continued. 
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F igu re  7.- Concluded. 
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AW-1, AW-2 Acid waste samples (PH < 1) 
sw-1 Ocean water sample (PH = 8) 

10 DW Distilled water (pH = 5) 
HC1 Hydrochloric acid (IN, pH = 0) 

AW -2/SW-1-8 -LO = r x  
eqw-l’sw-l Theoretical 

7 

9 

0 4 / 1N HCl/pure water 

6 

g 5  
4 

3 

2 
I 

Acid to water dilution ratio 

F igure  8.- Changes i n  pH of a c i d  and a c i d  waste s o l u t i o n s  when d i l u t e d  with 
ocean water or d i s t i l l e d  water. 
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Figure 10.- Spec t r a l  transmission curves f o r  acid waste so lu t ion  (AW-2) d i l u t e d  
wi th  Ocean water (SW-1) from prism spectrophotometer measurements using 5-cm 
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Figure 11.- S p e c t r a l  t ransmission curves  f o r  s y n t h e t i c  acid waste s o l u t i o n  
(SAW-2) d i l u t e d  wi th  ocean water (SW-2) from RSS measurements u s ing  5-cm 
ce l l s .  Indica ted  r a t i o s  are f o r  volumetr ic  d i l u t i o n s  of SAW-2 with SW-2. 
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Figure 12.- Typical comparison of  dump plume RSS da ta  wi th  normalized ca l cu la t ed  
r e f l ec t ance  f o r  s eve ra l  concentrat ions of  ac id  waste (AW-2) d i l u t e d  with 
ocean water (SW-2). 
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